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ABSTIlACT 
We «!PO"' on the pmma-r~ oo.-lloaI d &le.nr. <J>Oie(.ul .... clouds Orioa A And B 
'With the L~ Area TtIe6cope (LAT) on-board the Femli G"""""-1"I1II Spa.Oc T.~ 
Th~ ~1lIl"""n,y emiMloon In the rutergy bou>d bet'lll'eell _ 100 !.IoN and '" 100 GeV ill 
predicted w tnce the p&'- dmribulioll In tbe cluudI !.hrooJ&h wclear ~
t.et-en tho! Galactic oo,un!c rays (C'RI) and lotentella.r po, T*~.1Oy production 
a __ lion for the oucle.a.r intuKtioD II knoon> 10 .... IO'JI; pndlloD whicb make. lhe 
LAT .. powerful tool w me-.tu., the po ",.... roIumn density distribution d moIoIcuiAr 
clouds for , kDOW1I CR mten.i~. We present ben!.ucl>. d~ributiono for Odoo A ..ad B, 
and oorrcl .. ~ them witb tboee 01 the "'llocity \nt.fv&ted CO lnU!nllity (WOO) o.t .. , . " I· 
pW.Ile><eI. ~ mrtclaUoo> ill fouDd 10 be lin<w 0>'eI" .. Woo r~ d '" 10 fold when 
divided in 3 f~ ,',,",,"ling ~ d. nud.a.r CRo to _ cl tbe cloud >OiUlneo. 
The Wco-to-rnase .......... '.ion f..:tor, Xoo, illloIrnd 10 be '" 2..Sx l~ cm- '(K kll1,- l r
' 
ror tbe bi&b-Jon&Itude pu1 of Orion A (I > 212"), '" 1.1 w.- bid>er th.o.n '" I.S x 10"'1 
koUlld fOIL !.BE _I of Orion A and B. We interJ>n!t!.be .. ppar6l:lt hiP Xoo in lbe hicb-
Ioqitude repon of Orioa A in the Ji&ht at recent wcrQ ~ng .. DOD-linur relation 
~ H2 and CO doenoiti ... in tbe dilfwoo molocula.r po. Woo dew falter th.." 
tbe Ih ooIlWIll d~lIIilr In the "'1iOa mrJdn,g tbe 8'" "'!luioar'" to WOO. 
Su~t h~: molecut.... clouds: "",era! - CIOIeeular cloud,: lodividual(Orion A, 
Orioa B) 
1. Int roduction 
The Orioa A and 8 clouda are ilie "'~ypaI of Ioeal pant rnol=Ihr cIouda (GMCa) .boN 
in\emeu..r pol coodenae& and IUrI are Innood (e.8' , Berpn" ru.J1&. 2001; &IIy 2008, o.nd roof-
ereDceoI \bo:rein). The d",dI b.t.ve 00en .tudind In vo.rioua ....... !>art&; In<:ludinA nilltiDoetw o~ 
~;oo. of the tro.nsilion 11M" h«oIeeu CO routlonal .taleS, ... pecWly from J _ I to J _ 0 (e.S., 
":''Yca ~'I1mo C-p".iq; ..... , I ... ,~:.'Y II!ItI().l!m, UlIA 
"/oI.U:.1'Iaod! I_it •• I\I ... ~p~ 151<18 Corell,"", c:._ 
"!mt".\ J(lr ~ p~ ODd AItrop/IJsIl<, U..-... W6""","," 1)..m714 wa .. bu,.. a..-
00 __ Co., ..... de a.:.eo. I E.hdl& A_ (!CREA), 8oroeb>a, Spool<> 
" COn .. [n\oru~I_totIo per'" f'Ioa SpoaWt (C!F1I), [ -[OJS~"Il:I<IDo, Italy 
"INTEGRAL ScIocI<:oo 1>0. ... Oontn, CH·I290 Vcnabt. S..tl_land 
"NASA po. , -nJ Pn:cram _ , t"9A 
"Dipor.1:MnIo d.i f'Ioa.. Uo1..ol'~ oil __ "'Ibr V"pa", 1-001:1.11 Roma, Italy 
S&nd~ ... et III. 1984.; MaddoJm& et III. 1966; D ..... e et 0.1. 1987, 2Xl1; Wiloon ct 0.1. 200(;; F\,\rul ~, 0.1. 
2(11 ), infrared emjoolon (e.g., Beio::hmao ei 0.1. 1983), auenu&tion of ._li&bt (e.g. , DobMbi et aI . 
2!lO$), and ooar inhved extlno;tion (Row1M" Froebrid> '200II; Froebrkh " Rowleol 2010; Dob"bi 
2011) . n.. two cloud! ~ prime t&rget.ll for tbe LArge Are. TeIow:ope (LAT) oo-bO*td the F ...... 
G","1I\"'""~ Spoce Teluoope (Fenni) in the -'*' of molecular c~ and CR intcrac:\lon be-
Clluaoe they He i80Iated from.tM GalActic pLt.ue and 00 ill_ pm ......... y pOint 8OUf"QII_Lo.j» 
.,ith \be doud8 (AWo et. aI. 2009<1; Abdo et aJ. 2010b). 
Gar,,"'" rayo from the Orioa,MooooerOf r-epoo were II ... , deI.ec\ed by COS-B in the 8IIetgy 
.UIp between 100 MeV aud 5 GeV (Caraveo et 0.1. 1980; Bioemen ei 0.1. 19(4). EGRET detected 
g&!luna rayo in the ranp between 100 MeV and '" 10 GilV (Dipl et 0.1. 1995, 1999). In u.-
rtudiGIi, lba p.=na·T"l' illlMSity d\wlbu\ioQ III .. rt&JotIlncludins Orion A, B &nd Monoc::er"" R2 
.... Itt«! with thnoo. Independ""t oomrlhntionll, ooe ps-oportlono.1 to tbe atomk b,rdror;m (H I) 
oolumn density, aootl>ct J)fOJ>CII1.Ion.oI to t be CO li~ in~ (WOO)', and \.he lut , .. p~ 
itotroplc dillribulloll. Under 1M IlUUmpt.lofta that Wco .......", the Hl rolu"'n densily. lhe CR 
"l)OCtrum doeu> 't ~ ill \hi! f'eCioo and II J ~ I.empera'lltOo (T, ) • <:ORlltant, the ratio Xco 
... dctermin«lt , from the ratio of ~ K&uuIla-n.y int.e"';tie! auoclo.ted with the II I aM CO 
dlltl"lbutkllll, t(l be Xco _ (2.6± U) x l @'lem- 1(K km , - ')-' (BIocmen ei 0.1. 1984) aud XCO -
(1.35± 0.15) x lO'" c:m o1(K klII,- ')-L (Dl,;cl et aJ. 1m). The ratio .... not oeparately meM\lred 
fur the t hroe clouda, OrIon A, B and Mono<:eLU R2, due I" the 1lmMd. , t..liltiea ..00 Ip&iio.! 
~utf/la 12 the ilLll~. We Rota that Strong ~t aJ. (11188) det<mni""'; Xco on the dUfwoe 
Go.1..ctlc ~ ' &)'8 o~ by cos-n to be Xco _ (2.3 '!: O.3) " 1010 tm- 1{K Ian . - ') - ' and 
Dame "'- aI. (2001 ), by oompatlnc """"'-bed Infrared InteMity aIJd Woo dimibutlonl o.cn. the 
Co.1axy, determined it '" be Xco _ (1.8 ±0.3) x 1()30 cm- ' {K km ,- ') - 1, 
Sino:! the pub&e.t!oor; "" the EGRET data (Dls<>1 C\ aI . 199.>, 1999), mu<::h "' ... _ h.aII been 
.....0. in . tud ietOfO Orion A aud B; ..... oMeevaliocai dati OOcarne ..... Lo.blio (4., ., Dame "'- 0.1. 2001; 
1.oonbanLi" AI".. 2001; WiJaon et &1. 2005; Kalberla et &1. D:l5; DobMbi et aI. ~; Rao.. It Fro.bt-icb 
2009; F1-oehricb &.: RoooolOll 2010; DolN06h! 'lOll ); lItudy of the IIIOIecuW cloud!! ... ~ (e.,., 
WlIoon "'- 0.1. 2005; Bally 2008); ,.- modelln,oflbeCalactit dltJu.g&awL"'~ emlIokllll WM pro-
~ inoorp<lL"&\.Int Lo.rIlO-IIC,.Je CR ~tioQ (Stl"Ollg" MOO<aJenko LWS; Strous et aI. 2IXXl); 
Wl~ ealcuJ&lloruI of coIlioional CO rot,""",.!·Ie-ve] st<clu.tioQ """re re-risit-ad (Mengd et 0.1. 
'w.d<fuMt W<:O ...... .. Iodty--In ...... _ -.,. of ,boo u_ liDo bot_ J .. 1.., J .. Q \10 "C"O. 
'0.... X<:O 10 • foc\or ....... ,,-.; W.., .., "'_ <oI~ ... -,. --' hi. woito of L.be _ ........ <:.loud 
0<1II<=II .......... L " "'1,- " . of 11. __ to ..". ",-""" X<:O 10 -.I .. "'" foc\or -.....m. W<:O .., 
It, ."'I""n..,.,. w.... w"" ..... R, _tel,- ...., L.be _ ..... of bird_ io ~ In Ho, 
,be 1 doIIol1ioooo .... oorp«:IO!I '" _ . Tho beti ..... and h-wr __ ..., __ .., be ...ucod ~_17 to. ,be 
III-.&< po ""u. ,he ....... . ......... W. W&t1I ..... U..I ~ 01 Xro __ ud ""-.... 
CO .. ,.....".......t pmmo.r., b , . , .......... _~ d .. ..,_ iD.I"~ pr<>cood ... 
: ..... _ B __ ..... H*. b- .... CO ~io!1 foc\or) .. ...n .. In \he~. "",be CR_1tioo 
...., <be I ,ed a e imo 
2001; Flower 2001; Coocd!.i-P..,t.eIlliti eI. 01 . 200'2; Balakriahnan et ol. 200'2; Wernli et ol . 2006; Shepler et oJ.. 
200"7; _ r.lIIO Kolberl. et 0.1. 2(l(l5; Um 2IXl6, 2007) ""'" the dlswK:e to too Or\oQ nebula In 1110 
Orion A cloud ..... meuwtld aoeuutely (So.udilrolll et oJ.. 2007; Men1ell ec. ol. 2007, Hirot. et 101. 
2007; Kbn et 01. 2(08). 
TIM! Fermi G...",,,,...OV SPK'S TcJe.oope mlssioa, lau"dIooi 00 2008 June II, hM been .ur_ 
""ying lhe Iky wid, the Larp Area Thleecope (LAT) linoo 2008 August. 11.1 wide field of vie1o-, 
large I!!ftoc:ti"" UM., improved .patiaI reeolutioo, U>d broad eneru ~ prOVide much hlgh~t 
KDlilivily re\.ui,.,. to iU pNd_ EGRET (Atwood et oJ. 200II; Abdo et al. 2009a). 
Studies b..-l 00 EGRET o~iooI ha"" e6tab\iIhed IIw pnuna. rar- from Galactic mole;:.. 
ulv cloud ...... dom\n.l.t.fId by neutro.l p;ou de<:&y, ( .. hieb _ refer to ... the "pioplc pm"" r&ya" or 
"pionic "",_ion") In theeaer&}' band bet_ 0.2 GeV ""d 10 GolV (Bertscb et aI. 1993; Dige! et oJ.. 
19!1Ii. 1999). 0.1on A twd A arelo:x:at.fld far (_ 8.8 kpc) from the GllI<ctlc oentez' and diapilOOlld 
!row tI", Gal.ac\;ic pl""e by .. 140 pC. The \We) clouds are ooly .... 0&00 pc away from U!e dOor 
._ .. here SpecU"' of CR spec:;. upto the rub-ThY domain are prodicted to be . imilar to lbose 
_red directly at the Batth II.fter o:n-recti<>n fOr the .... rnodW.lioo. 
We ClIQ now ..".oJ~ Orion A and B Iluou!!h the hip~ p",ma rays dcWocIed by the FemI; 
LAT In tbe Ughl olthto..-.l; dINClopmenti and ~l1dy the rfIII.tiM be_ Woo and m""" column 
dt!nslty (0< Xool in varioolf paru of the Galaxy and obtain the ~oJ m""" of the cloudl'. The 
improved spatial ~utioo.oDd ~ gamm.ro.y at&tiat\el; pn:1'rided by the Fermi-LAT aJlaot UI 
to determine the reLe.tion on angular eca.lee of 1 x 1 de«' (pixebo), without ""'ng directly aIIect.ed by 
the ~, chemical, or .1dl&tIon en\'lron""",o intldc the Orion clOllda, oJbeit within Ill" 
limited anguLe.. r....tutio<> of u... Fermi LAT and uoc.rtai ..... due to any unreeolved wee.k IOW"CeII 
and CR II"" variAtion. The ,..,."Iu """ he....xl oonvenely to lIudy ........... eovitonntelJW cff«u 
on Xoo in the '.a lUh ... :"", parta of cloudt wbe:re moet K .... in Orion A and B rmides and .. ber$ the 
Xco I'Actoc h.M r>Ot b",,~ . traJ&hlforwatd to derMo (e.l:., w..n D1abocdo: &: BIad: 1986; Masnanl et oJ.. 
1988; BoWto '" 01. 1999; Magnani <It oJ. 2003; Ben et aI. 2006; $!lOll" &: McCall 200(1; Bell ct oJ.. 
2007; BurP> eI. at. 2007; Wall 2007; Sheffer et at. 2006). 
Thl!Ol"lltical anaI)'!eI hv.= loa,; ouueoted that Xoo dependaootbe eovlroomcnt and the Wco· 
N(H2) ..,Le.liou ",ay be _li~r (e.g., Kutner" ~ l!l85; Dkkm"" et aJ.. 1986; Malor>oly" BIad: 
1988; Taylot et at . 1993; BoWto et at. 1999; M.ognani et al. 2003; Bell et. aI.. 2007; Burch et 01. 
2007). S~ h"" aI:oo been made ~ Xco depend. 011 lhe ",IBtive abundanooo or co, C I , 
and C II ( ...... van Diaru-Jr. Ie BIatk 1988; lfuI"""bach ct 01. 1991; Kopp et 01. 2000). 1'be cxisw!1IOI! 
oJ. P' IlQI. ,,",,,,,,,, by H 1 and CO at thft interfaol benoeen Ihe I .... pba-. (the -dark ges") h .. heen 
'Wo _ "me Ih& '""'--bot_ tho S .... ..wI tho Golattl< _ '" ~ In kpe .... tho 0......., .-_ ~ 
_ u...s... '" "" 2Xll<m . -'. 
"no. .... otOrloo It. .... D 10 d.Orlrll>u* -lJ III lb ..... "'"""......,. r .... p ~!., ",. 'tr_' 
cIoud ... _ ~I ....... __ (Av) 101;J1>lcoll.y bot_ I .... 5 _.,.,j ..... q{l'I,) 1ypic&I\r bot_ 
I(XI .... :IOOD em- I (e. ...... ~;k BLId! !111!3). 
di8covf;red (Grenier et oJ. 2OIl5; Ade et al. 2011). The ~ .. tLon between the frllCtloci of. <:&rOOn in CO 
aDd HI denally in U'IWIIUCCZII aDd dlffu&e doudl hM been updal<ld bued <XI obeervatioDa and nu· 
meriealllimulationl, ror o::x&rnp\a, by BurP et al. (20IO); Wollinl et al. (20IO); Glover et ... (20IO). 
Our.....wt.";]l be interpreted in the liPt of tbeec receot ...... b. The Wco-N(H21 ~ation...m be 
tbar-acterioed includin, the "darlt P'.' and !.he IJIOIUUreCI maM column de""ity will be relaW:! to 
the Ay ..-..!ue M ... bkh the r<!lation ~ pro!IIikted to \>mome ....... lineu . 
10 thil paper we an..,.. dilfuee pm .... ~ spatially ......sr,w1 ... ith Ibn molecular o:JoudsO 
Orion A and D, enro.ct their piol>.ic pmm .... ~ OXl!.P""""Oi ', obtJUn IIlMII diltrll>ulioooo, and c:ompa.re 
u.em with thoee p..ooieted for Woo _.-..I by Fukui et..a. (2011) aDd DanK et aI. (2001). 10 
StocUoa 2 we deeerlbc the ~ray ~ ~ applied in ~ Malyaill. 'The &naIyms prooedllnl 
II d..cribed in &etlon 3 in 4 In~: the fp6lialltInplalOf ueoed to extract ....... colutDtI deWlit)' 
....-l .. e<! witb ","uJtipio CllrlaOOu COIIlp<l<lCnU at'" «1'0$1 In Subeectklo lo t ; ucrgy-binaed lpati" 
fill OlD tM leuiplS!;eI IOl'O cift!c:ribed in Su~ion 3.2; 1M p;cmic eruiIlaioa II exUIICtcd from the 
Ipecva oblaUwllo tbe.p&I.IaI 6" and Xoo II WtulAt<><! thet100a m Subeectinn 3.3; .... d the tot .. 
HI m&.W!S of OriOD A II.IId B at'" Mtlm. '«J in Su~ 3.4. In Seo;Uon 4, ~ _ Iy&tctnatic 
unoortaintle8 in the anaIyeN; died< the Xoo ""ult, with ....:ent infr&nld el<OI* eml8slon rnapI by 
Dobaabl (2011); lurn~ the mJultl; and in&erprf:!. th"", in the liNtl of _ studies of the 
nIIatloor> between the HI and CO frllCtlon In the 1n.*1IO!Ilt cIoudI. 'The pa.per ~ coocIuded in 
Sec\lon 5. 
2. O"-ervatlo"" and Dllta 
The dat.& uoed In thll anal,.... were obI.aiDed in tbe nominal alkky . urwy mode bmutaI 
2008 AuguA 4 and 2010 Much 11". \\'" Je*t """"II cl-.itled ... PGU6 Dig,... 01_ ... hleh b ... a 
hl«h pmm .... )' purity (Al.wood et aI. XXl9). J\monfI the evmta, "'" limit the lflCQIUJtme\ed -.lth 
angle to he leN than I~' to CU"t!y roduoo pmrna raY' comiq (rom lbe 6mb ol the &rt.b'. 
WtlOIph"r<!. We eeleet tlu! good tlmoi lnt.ervals (CTiI) 0{ tbe o~ ..... by e>«:111liina: _w tb&t 
we-e I.Ikt-n ""hU, !.he Wor\rtmlflnt roclrinII ~e .... larp:r than ~2". ADotber cUI Is rn..:it 011 !.he 
reoo:n>structed 'arn ....... "-Y fnerlY at. E,.;~ _178 MeV and E.. '" 100 GeV to ~\IOCO l)'ll\emalk: 
unce.tainty of the LAT el£oct.i'IlI ....,. and I1'8idu" ~nd """""IS Induced by CR&. Garnma 
.-.ytI in & .8CI~ ~ of 30"" 30" ""ntenKl at. [t _ 210" , b __ 20') are then so.led.ed for 
later ual)'lell. We refer to thf, tegion .. \.be ~P>n..,r·i"- (ROI) and tbe lOt ol ~II ... the 
data .et. 
'117 IJIOIocuIor doudo __ ..,.u.Jt;,. idrD\Iftod doodo ~ ~""iDc tho.....:J odtnI.o,~ of """'"" 
a..oo:I IoDiIod ~ ,b ...... 
'MlIo\ooo EJoop.! on- 239,!06T,"" u.ro..p 'l9O.(0).OOO ... _ .... 10 ""' ... 00:00 UTe OIl 1001 Jao.., I. 
Doriq .100 porIod, ,b. LAT ___ 10 tbo __ .. 00:10 wIclo tbo oodciDc ... c\o M <s. (lOOII Au,_ , .., 2009 
Jut;,. '),:111 .... (2009 Jut;,. g '" 'IOOIj s.p.-..... S) _ &0 .... ('lOOiI Sop ....... ] '" 2Illn _ II). 
Tile <!au. oct CIOIIIiN 01. 1,132,436 e-aM of .. hid> 901,929 ..... bet_ 17S ~feV MIl I Cev, 
224,753 ~ I Cev ilD<IlO eeV, IUId 5,754 beu.oen 10 GeV and 100 CeV. 'I'bey ere binned in 
150" 150 equal· ....... pixels (Haouner-Aiwff pnljecl.k><t) in Galactk coordina._ -.I\h 0.2" JriddiJII 
on tbeir ro:xx.Uucted NriYIII dUectionl. and in 22lo9-rillun~ bini b,ul)(:Q EOlia" 17S MeV &lid 
E..- - 100 GeV on thcir recxllllltroctcd _glet. 
Tbe III&P of COUDUI inteve~ Oft!" lbe eaa-gy rl-ng8 of the de'" !lei is Ibown i:a Fig. I . W6 caa 
vi.u&!b- i<!enIity Orion A aDd B nell tbe OOIm 01. the rep:,n and too OIlUlr GllIectie pi ...... in t.be 
upper pan. W<I D(M that Mouocerot lt2 is ..... -riIIble ~ Onoo. A/B and tho OUI.er Galectil: 
piADe. 
The • .w,- p_ted bertI ber;in by fiI>din( t.be ,eiatiolllbip betwi'eD. tbe Ip&UaI diJtributiom 
of 1""'_ r~ and Woo. too moot wldeIy uaed ~ 01. H~. in tbe Orion cloud, and by st-udyi", the 
prOpO<tiooality betwooeD tbe two and it.o 'I*titJ dependeo>ce .. Ithln the Orion clouds. The aneJyaee 
prooood in 3 ·Iteps. 
I" the first ltep, t.be "'""" diIIlribution of lb. "bBclcJmund" CLlDMa flY', i .•. , the JaIllU>.I 
.. YI nO\.....a.ted with 11M H, cbJda, is determined. by ~'" lpat!eJ. distribution ~pJueo, for 
the HI ..... for the In_ ComplO<l_IUrl", {Ie} r:omVO""nt, mr the polnt ,.,..,..,.., &lid lor a 
preeua>ed ~ CODIpoooDt (Su~ 3.1). We ~ fil, in Subolec\iQa 3.2, the 1P"I_.ey 
IPlti.oI distribution iD...::II of t.he 22 -.:y blno as e.urn of t.be "ho.ckpt>uDd" disuibutioll &lid • 
dlnrlbutian tenu.tlw:ly awv:; .. .".j .. ith the H. pi (Ha-template). The "blCkgrow>d.- Is IUhttact«l 
fJom.tbe.".,......~ pmrna-,..,.. inl4lIlIity distrlbut.iollandtoo ..... olnder II defined .. tho pmm .. ray 
intenliity diotribution &aIIOI'i.ted -.lib the Ha CII.-ilb .. hich Woo illXlm!lo.ted pl><el-by-pixel. We 
1>00II t.hat the pm' ........ y InteMity .-ur.,. the IDUI alI.wnn density in tbe Ha gu for • b>oom 
CR epectmm. \\In ~ the fil ... itb 2 alteruetive H •• temp!ateo. 
In the ~ l te(! (Su~ionI 3.3 &Dd 3.4), the CfIer&)'.blnr.i prnma-rey ....u..;vity mr the 
Ha "'" (11, in eq. (I )} Me ...... bIed "" the P"'''''''ray . pl!CtnUll ftt each of t.h6 3 H,.ternp!atoI. 
The lpectrullli1r!ben fitted .. alUm of !be pmm. nya producod in tbe pionic and bremosuahlu"l 
,_. 
In the third 8Iej), !.be 1omm .. ,"Y intensity dlltributlon """"";atOO with tbe pIonlc cmioaion iI 
oonverted to tbe rn.aAS <XlI""", deneity. Tbe Woo-m .. mnvenloo !actor {X ool iI ulcul.eted viA 
two metbod., ODe by romp .... '" tbe pmm.a-'I1OJUnt1 aeeocibted with the H J 1M and wil h the Hl 
1M (\he Hl/H J Illetbod) and tbe other by divid!Di the pntm .. rey coun~ of tho pIocic "",illion 
by the m"nbet d pionlc pmma ... yo I!Xp«:too per " nit PI IIllISS (\.be pioolc method). In tbe 
first. meI.lood, .... "WIll! tbe CR .poctrum II UIliform ill tile IneaI H J rqIoo witbi" GeI&ctoceotric 
redlUl of 8 - 10 kpc (_ S"becction 3.1.;') aDd in the Orion cloud,. In tbe Istter method, _ 
&IIIUIIIe the CR OIpectrum iochx!iDI ill "bBoIulC flna; .. known In tbe Orion cloudI. W<I valida\e 
th_..,;sumption UOJi'4! GALPROP. 
We 11M GALPROP (5lrOOfi k Mc.kalenlw 1998; SI.rOIII et &1. 2000) with tbe plll&metcr Bel. 
l&t..,1ed II GALDEF S4_77X .... h7S. Thill parameter Bel. Is kDoom to reproduce reuon .. bly well tt. 
G&lactic d~ pmma-r&y emioo!iQn oblerved with the LAT (AbOO el aI. 2IXl9f)' , We refer to t~ 
..,.uJu obt&iJ>ed by runni..,; GALP ROP with \.hlI p&rNI>eter lOt .. the GALPROP reorutuo in thill 
,."". 
S.1. Sp!ltl. l distrlbut lou t e mplate. 
lnltially '"' ",um£ the 8amma-.. y emlooolon froID tho! ROt to be made of 4 "b~' 
COD1poo>e1ltol o.nd 0"" ~ Hl c:omp<lOf!Dt, each emitlin8 p.mm& ray8 with & ~ lpo.tw 
distribution, The 4 ~" COI'IlpOOe'[lU o.re spatlo.lly -nate<! with the diffUM HI, .. , the 
in ....... ~ (IC) ecatl.eri'4! by electrona' off 1ntenItf!1l", radl&tloll 6ekls, the polnt _=s, "'Id. 
the.urn of ""lra«oJactic diff~ _;Iojon (inrJudins ~ved IOUI'DIII) r.nd b6ckgr0urub Induced 
by CRo in It.., lIL'Itrumeni. We ",11IJIOI'< the I_t ,UID to be imtlopic and refer to It .. \he lIotropic 
OOlIIpooent. We 19nou!he CQIItributioo &om Ionized b.Yd1'OS"" pi (H II) '-". i~ density Ie low 
... hen a-.:\ In I x I ~ pba:llI (< O.oc..."'") and i!.li toI.o.l ........ Is Jle81ic1ble in the ROi (Gordon 
1969; O'o.u 2001). 
All .pati.ol OOO>~~ emept f« the IC COIIlpor>ellC are UIIJ.r!>ed 1<1 be"", IndivKIualb', an 
fJI>eI'IY·\ndependent. UDderlyiq lpa!.io.l disr.ribution In Co.ladic: wordinateo (I,It), Aootber impor-
tant. underlyiq .... umption .. tbat the nuclear en spectrum ill unil'onn".. the ROJ. W. mu.. 
'plOti&! \empWei for the 22 eoet'I)' bini by COl!>'OIvln@; the lpatio.l distributions with thol energy_ 
dept-ndent poim opreo.d funaloa (PSF) and s:tpOB\Ife for the indi'O'iduo.l energy bi ..... HIIIIK:8 the 
spt.u.J t«aplatcl &nO (!DI!fZ)' dcpeodent.. In SulIIIOCtion 3.3 "'" will .boor th .. 1 the .pectra of the 
gamm ..... y cmi!o8iQrLI r.uociUed with the H [and Hl PI conaIIt of Ute p;oaic &rid hrernMrahtuna; 00_"""'" 
The ~r.y inlenfity 1.,{I,It) for the i-th """'8)' bin it In~ .. the oum of the liv-e 
a:drlbutLont, each beina: the prodl>Cl. of the normaliAtioP fact.or for tbe i-Ih enerlY bia and the 
S{*ti.oI template. 
1".(I,b) = A.N{I:lI)(I,b) + 8,H(H1)(I,b) + IC,(I,6) -I- E (C,A!.., ) + D" (I) 
, 
The normalization futon are: Ai for the H I pi; Bi for the COnlP_ aaociat.ed 'llitb ~ 
con.iIItins; p"","olDm&lltly of 1:l2; I q for the m--Ml c.,IDPtoa COnIpouent; Cv~,,Io; (or the i -th point 
'A do<ellcd ~ fA CALDEF lilt. "'" be Ioond .. 1IU",llpl_.-..Iotd.od • . 
'w. .. Ie """"""' .. a ",m cI. • • •• -
IIOW'CI! M (/J' bJ); ""d D, f()l' the iAotroplc oornponent whltb Is ""'lUmed oot to depend on (t,o). The 
1lOT",.liutlon f~, ... dOW:!rmlned Independently for the 22 ""erC' biM. We oote that Ie, a.re 
fixed lOt the values glYeQ by GA LPROP, bocaU18 11\1) .pe.lial dill\ribution ;" hlgbly correlated wi~h 
!.he iaotropic component, and the IC component;" lulHl"mioo nt in the ROI. 
Latoer In Sul:..ection 3.2 , we will uplor. 3 templ&tel for II~. two bucd on Wco and one on 
Wen ph .. the "dark ... " propol(ld by Crenler et aI. (200.'1). 
3.l.J . Dijft>.~ H 1 fIIU templGk 
Awmic bydq811 ... (H I) .. b"*,ly dlnribu'«lln t he Galaxy wi!.h • Iotal "'"'" exceed~ 
thM of molecular hyd ........ ( H~) (~., Fttrlllro 2001; 5_ k McCall 2006). In the OUter Galaxy 
wI>er8 the Oricn cIDudIllnIlocahd, the mill column <WntIt,. of H I ill .......... t.hao;bat of H~ at tbe 
0r'Kln claudl (Kalbft"1I. eI. aI. 2(110, 2(1)1j) 
We .-::I the Le!dea/~liDe{Boru: (LAB) ... ney data (KaIberIa et aL DlIi) <:On"fICUId for 
op&oI 'h~ by adopU", a _ opin temperwu. (T.) of 125 K .. ;he H I pA .,:>atiaI 
distribution tew.p1at4 <_ fi&- 2&). no. LAB iDtensit)' distribution ill divided iDto 6."" annull cen-
tered u tM Gat.ctic cener .. baa been dor>e in Ol~ Ffmli difI'uao ............ ..w,-- (Abdn 81 &I. 
'lOWe). Tbcir lDDcr and 001.01" Galactocattric radll (R) are: 8 to 10, 10 to ll~. ll~ to 16.5, 16~ 
10 IS, aDd Ig to 50 kpe. The tm.nf-li&bt ...eIocit,. disttlbutlon of !.he H I PI in I.he Orioa reg;oo 
""",II.I» that of tho CO pi • ....; .. ed with the Orioo doudJ and that 01. I.he local II I annul .. 
(R _ 8 - 10 !<PC) quilol...u. 
Gamma-ro,y oontributionli from all t'" II I ...... uli _Iappic& 0111 ROI ba~ hom included 
in the anaIytet. In the 6ttin& the CR itt""';'ly ;" ueo.ted iDdep<mdeotl,. at NCb. 1lI>OUI ... The 
contributions from anllUli othar th .... t ... local one (R '" 8 - 10 kp<:) IlnI thn>ush \he periphery 
01. !.he LAT PSF and iNll.b ... _ 6" In pmm .. ra,. counU. lIenoe our an&lr- IlnI iMeo&itive to 
_iation tn !.he CR ictecelty Uld/OI 'peo;U\Im ~ u..:. Dai&bborinl aoo~li. 
The spin IoImpenot~re of HI .... , Ta. ;" oot weD QOIlStro.lned In the repoo DOt known to be 
uniform <MOl" the ROI: it. quoted value l~ tho literature ranK'" between ... 90 K and ... 400 K 
(e.,. Mob .... et o.l. 2!XU.a,b). W. IOItinatl, IRIer iD. this pipet, the COQtributlon to the "",raJl 
systematic error from 1m. ucomo.lnly by repeatin! the ano.lyala for Ts _ 25() K OlId 00 K. No 
significant collcePtration 01 cold II I ill k.""..n tlron nd Orioc A ""d n II l~lC&le (> 1 )( 1 deg') 
(Kal berla ... N. 2010). An explor~tOf)" ~ody of cold II I II"Iix«Iln .elected H2 cloud corea hu foucd 
the mean H I fraction to b<l klIIII !.ha.c o.s% (KIto lit aJ. 20(8). So "'" can ..reIy Ignore ouch ,. 
mixture in the lI.ll&!ysis. 
Gamma rays ~ produced IQ the H I su thrOQ&h the pioaie and b ........ trablUlt« ptore'l&ee 
.. lth imcnsitial propOrtional to the CR Q\O("l/:", IlO(i d.,.;tmn spec:tn i .. the IN, reo<pectlvely. 
8.1.'. MokctJ,zr dotod l~",p/o.k 
""" Uy 3 112 WUpiMOe to <ep_ ~be 112 spatial distribution in the Ro!. In maldn.i the 
tc-m~ -.e MSumC tWlbe 112 columa dtlDlity iI P'opo,1Ion1l to Woo meNured by 1_ CO (J_ 
I .... 0) I~, _ from NAt<o"'I'E!'l (FUkui eI d. 2(11) ooYCri"A the..-. ",ouod the Orion cloudl 
wilbdec:th ... r<IICItutionof 4' and lbeothcr hein3lbe Galactic ... '""')" by 0- et II. (2001) CO¥1!rlng 
lbe ROI with an&uw twOIuUon of 8.7' . Tbs IpatW dil;\rlootionl lodic.o.ud by lbe two suneyl uti 
mutually COtUIItem at lhe ... gut.. acaIe cl the LAT PSF except for the ooerdl nonnalioatiot>. 
1'he m... H2 lanplate, HrlanpLate-I, iI made by oombiDing the two IUevey. and MWUnU", 
for their relau", hltenalty 8CI<IeI (F~. 2b): rlANTEN Weo fo< the ... defined by lhe.ood _bite 
li". and lhu by Dame et al (2001) for the .... t of tbe rep:.o.. W~ refer to Ibn 3 rez;ooa defined 
by dW>ed IirooIIn Fig. 3b M "the 3 Odon~' beretJ\er' . We tcIIle lbe NA.'fi'EN dt.u by 
!he factor 1/ 1.11 to ..!jOlt tbe; inleDailiel \0 a rom""", IlCllle with Dame et ilL (2001) be<:aU!'l the 
...........,. by ~ eI. Il. (2001) bu beeo widely DIed in pmm.ray ana1y.B. 
We lim .""\ tbe......J»- by _tins ODe COIDJIU>!I. H, f.aor fo< Weo In the ROI (Ha-template-
1). or equi..-ulr, 0D<'l 00CIlID0I1 Xoo fa, lbe",tin! ROLin the RCOOCi 112 templMe, Hr tcmplaw-2, 
the Woo dillribulicm iI divided into '" resiOOl (the 3 Orlo<t ~ and the I'SI. cl tbe ROI) ""d 
Illoor 8" or "'Iuivalonllr Xco , to be; dlffuent in tub rqion. """ add a "d",k gae" template 
(GT1lllier eI t.l.:.nl(,) to HrtempLaW- l 10 maIoe the third II. lemplate, Hrt<:mpiat.e.3 (F~. 2a "",d 
2c). The normali .. tiO<t is _ !reo! for the 2 taopiatM. 
These opallal tcmpiatcl uti dato:ribed further In tbe IUbeectioollO follow. 
:1.l .8. /""""" Compl<>n ~ 
The In""",,, ComptOn COlDJ)OOI':Ilt .. kuown 10 be minor around lhe Orion clou.u. W • .,., the Ie 
~ and spalW distribulion gi~ by GALPROP wberet!te intorJtellarpboioa Aekbt...., taken 
fr()DI J>otwr et IIJ. (2008). The typlct.l G~e IC lnwueity In Ihe reg;ou 11_ S tim", lIIXIallft 
than the Ieottopic component detcrib«! late" and Ibcir spatial and apec\ra! dillribution. ..". limn.. 
In ~ region. PoIIlbJe local ~t if 1M IC eml.1on uound \he Orioa Nebula (M42) 
.. ben Prong ult •• vIoiel em;'lo", (e.g. Murthy elil. 2005) Md tnOdefiM iDfnornd omiM>nn (e.g. 
PrioInnnoct al. 2008) eDIU. Alxmding I.n OUr calculllllnn, .ucb IC emiloiooa...., 1>01. detecl.lble 
with the Cllfrml LAT oenillivity (Orlando &r: StroDf; 2008). 
'"ne~_ on.... A I\qIoI> I (~! l'" > t" ~\~' . -U' <.< -1&"), oro. A Rfck:oa II (llil' > t > 'lIJO'. 
- 2iJ' < • < - IS' ... eJudIq; the _lap ""th Q,IooI B), ... d 0rI0II B (21)>' > t > XIS', _II' < • < -1iJ') 
Man! tw 1400 pOim IOU""", ace ~ in the Fi$ Fenni LAT c.uJos" (Abdo fI\ el. 
2010b). Amo::q; dW!rn, 30 pOintlOUlOl!ll ~ in OIIr ROI, (I,b) _ ( liO ± 15',-20 ± 15' ). n.cr. 
_ an edditionel 2!l1OU""'" wid,;" 5 deg of the RO!. In the J;li;ellbood 6t to be ~ lete:, 
the IIOr"tIlAlizatioll ill ..... free, margy·bin by '_a-bin, for 25 hi.d>-<u>lI~ ~ in tbe 
ROI; the in.dexee aDd. !IOI"1II&IizAtio"" _ bod to the vel .... liven in ilin F1f1~ F~""i I..AT Cu-
aIog (Abdo et aI. 2010b) IIor those ooUido: at tho rep.... Then! _ 6 loor-<XXl.6denOl """"'"" 
(or candldWlo) overlapping wit.h the cloud" m.y _10 IFGL J064O.4-0731c. J~.2-0601t, 
JO.>34 .1- 0531c, ~1.9-026k, and J(l541.()+(lOO(lc. Their BlWlI _ all low and labeled ... ·c· 
in the catalog, ....... olnll either their 8ux ... timateo _ UDOIIrt.aIn. or u..y caD be artifacQ fOfIIIting 
from inCO!"l'fJ(:t modelln« <If the GaIacIk diffwe cmi8aon. W. &t the 5pat.ial t.emplates aDd....J)'ZO 
Ihe ."""Ira in the 3 on.., rqioM wilb one! without them. Tbe reouit.ll we ,,_ .. ill be for Ihe 
&IIl!lY'"" without them: we illClude tbeir pOIIibloo contribudon ill the ' yltelUtic 1!n"Or. 
3.1.5. /..,tro,nc ~j 
In !be prMeIli analyl>l», \.be exIr*l:\,.]actk: .... ;·100 and rnridu.al eR badccrow>d in the data .... 
DOteeparated but uuted ..... oingIeilotropicromponelll (Abdo et el. 2009c, 201Oc; Adoernl.ll.ll..n 1.\ el. 
2010; Abdo et aI. 2010..). The toota.I Dux rL the compooent at 1 GeV ;. ~ 25~ of that aaoocie.~ 
_itb H~ .. hen __ *1:1"'1 .,..,.. the 3 Orioo r..p;.!l& (",btendinll ~ 30 msr) ~ .. round on.., A 
and B (_ FIe. 3b). 
The rsldual be.ckgtound in !be PI'#6 Di/!1at clut o:>nAiru rL CR-in<Iuced e"",,~ nobclaMified 
... pUlm .. r .. yI and CRt Iho.!. ~ In the {JU'i .. 1DIItCria1 j .... t outlide of the LAT withoul 
1ea.¥inC .. ligna! !a U>e antkoioeldeoce detector (Atwood 1M. aI.. 2(09). Wbm .. _aged..,..,.. """'Y 
orbit.l d ob!crv>Itlona, lhe MSidual bacl<pound C&D be approrim .. ..t ... iAotropic.. 
3.:1. . 'It 1o the Spatial Di.trlbutlon 
All .palial templates deocrlbed in the ~ut .uMe<:tioo ""'1"<) con...,l ..... with the LAT CIt· 
po8Ure SI>d PSF. T he fj)&\.IaI 81 is ma.dc usin& the binned likelihood Proll ....... gtlike included In 
the F=ni Sciet>ooToole" and the Ii normallutlowo (A;, 8 " C(J and D j ) In Eq. (1) are det.mnlned 
independently !"or tbe 22 ooerr;y hint. Wo nDle qsin IlLal Ie, _ Ii-'- at the velutll pver> by 
GALPOOP. I::a<:h H I annulus h ..... 1ICpa:a\.e Ai' We report only A, for the Ioe.IJ annul", ... otlom 
ace "'" determinod....,U beeo.nae they \Ie mnstIy outllde d our OO!. 
'·NO"... _ ...... _ O<lde<I .... lI.Io ~ '" u.._ I"'"'" LAT ~ (M,do" 01. :!DII). 
" """ _lICiM>OO"T"OdO _ v9i-lilpO _ N.V1.DIFFUSB !u&rumoolo_~. 
Ou, acientific; ;oWelt Is to KIoudy the ront,ibutionl from the pi ton<:elltratio<>l klenUfied lUI 
Orion A artd B, "1lIc:h am be/im<ed to be p.edomina.mJ,. H~. W<J o::onado!r, beooe, lIMo awn of tbo 
H 1, le, pOinWoutoe, and isotmpic DOIJIpooents .... the "b.ckt;round" which ill ~mined by littl"" 
tba obeerved p.mm .... ray distribution for """" <Jl the 22 -.::r bini. In the lita, "" M!lutne tb&t H,.. 
Icmplat6-l. 0< the Woo diltribu\kln, rept'8fel>t.f approximately the H~ distribution. The 8"",.". ... Y 
dlslribution a880Ciau.:l .. itlt 1M H~ gill can be extn.ctOO. Ie&o depeodcDtJy on yet-UDlmowu l!,-Woo 
",I&tloa by IUlttnct;ag ili@ """'*&round' from the obse,Y!II:I S ......... ray dillributiol!. 
We ddioo 2 Im~ H~-t.emplt.!a, H,..~mplate.2 ...,d 3 o.ftcr the InitiAl llDAlym OIl H3-
t.emplate- I. The lpau.! diltribu\kln II DIll. propon.ional to Woo for the 2 Im~ t.ernpl~ and 
beoce the "bAcl<ground' is dilf,,",nt for NCb. H2-tempW.e by • ,mall amount. The d iffm"""" io 
~~blc. 
3.1.1. Sptiti4J Fit with Woo 0/ On.e Xoo: IIz-kmplolt-J 
W, '-"" H,..l.empl.\Oo1 lUI an apprtJI<i1n&tkm for the Hz pa ·diltrlbut!ou r.nd 6t Eq. (\ ) to 
de\emllnt the ~'. The ener-c--ummed gam"'.''''' dillrlbm,ioo after ,uhtrKUn& the 
' bocl<&'Q\Ipd" iI lhown In Fit,. 3-. and \b&, of the Woo·buIId model, or tbe produet of EB; In 
Eq. (I) and H,..l.emplate-l, is sI..., in FiS. 3b. The two muO\ rlioQibutkml ani OOITeIatod p~_by­
pixel (I x 1 ~z) in the 3 Orion reP>os in Fi3. 4&. W. expect • plOd line..- ron-elation betwoon 
\be two if Woo it. &OOd t ' lOOlIf of H •. 
We BQI.t lirl' that the oorrela.l.ioa is flli rly lineer and si- • oortdatiOll wefficleot" of 0.93. 
We tbe> note th&\. tbe IlD1'I'1lWion IIpi6c...,tly imp"""'" if .... JoefW.te the Orion cloud. inIo the 
3 Oria> ~, on"" A ~ I (blri oOOd Ii",,) and II (red d.....J>ed !iDe), and Orion B (blue 
dolled lme)_ The oorrelo.tlon o;oeIIiclenu for the 3 Orion regioaI .... 1l.98, 1l.96. arxIll.\I8, r.nd tbe 
hom-fil 'los-...., 1l.72, 1l.99, and 1.25, re!"""ti~y. 
Tb~ IM~ dilfut ..... (_ oW -~) in tbe ben-fit Mope 1UU- t.b&t the mMil oo1umn de.W~.I' 
io Orion A aud B cannot be oimp!y dmVlld uoing the _ value of Xoo_ We find more sanuna. 
ra.ya io Orion A ~ I ~ Wco tbau in Oriou A IUpoa II and Orlou B, .~ting Xoo iI 
d ilJcreul in ~be 3 Orion ~ 0< that"""'" &Klion of the Ha pi ill DOt tn.ced by Woo proridOO. 
• uniform CR de!WIY. We """Ion! tm.... two ....-;bUitieo by ,-..idIoial tb~ H~-template. 
Bued on the reIa.~iOll found between tb • • pella! dlstribuUoqs of the pmm.l~ intenlhy 
aseoxiatorl with the H, po and the Woo-baaed D>OdiM (H2-t.empLa~ I ), we!ll.Oke .~d template, 
H3-templ&t&-:l, thai. will ~ the H3 Dliumn density _ faidlIV.lIy. In the templaUl ... divide 
the !WI in&<> 4~, lhe 3 Orion rogioo:Is and the.-en of the ROI , and.tlow 8; w be different In 
eacb .... or illll"Od""" 4 8;' • . 
'!'be fiued 1"NIIIl.1II for A! (8 I) and S. (H2-lftIIplaIeo2) In Eq. (I) .re listed in Teble I ah.et 
o::ornbini..,. the high ... t 10 energy bi"" inw 3 bins. TIle pmma.'o,y OOOllt map i. shown In Fic. 3c 
II the lurn oltbe 4 8;'$ multiplied ... llh tl>e conuponding oomponcn'I of H2-te'np\a.te-2. We note 
Ibat tm. 3 Orloo regioDo mi~ t.o 80Dle degree through the Fermi PSF. The coffelalion between the 
pmma-r", dmrlbution u80ctaled _ llh H2 and lhe H2 template Impl"O'Vtld N ahoovn ill Fic. 4b, the 
b<.\-St IIopeI for Orion A Repoa I, Rep.n II and on... B are 0.95, 094, and 1.03, ~i~, 
.. bile the UIOT1!Iatioo !""t.oro remaiD &!moll the -. 0.11&, 0.99.l.1l<I 0.96, ~vely. 
'!'be Xco for the 4 ~ CRIl be calculued directly .. the • .eiel of 8,. t.o '2.t. (the 83/H I 
_Ibod) or by Ulra.ctilllllhe pmma-ny _iMino> in the...,. (the pionic metbod) . The _ ulu 
from tM former an gi""" in Table 2 t.ocether with t.hooIe from \be l.t.lt.er whldl wi1I be deo<:ribod in 
Sut.-Ioo 3.3. 
Cralet et al. (2005) found lbat a IIiplIIIcant fracUoa of local dilfuoe p.mm.ray _i'rion 
oI.:rwd by EGRET is DOt ''*'Iit'ed with either H I or Woo. but n.tber wilh the dun map 
I.!"aoed by thermal infram:l. em;"'ioa giftll by Sr.hIc£d. et aI.. (1998). The miMin& pII IXlInpOl>etll iI 
often ",fared w ... lboo "dark pII'. Other LAT o~iImI ha"" fouDd ! .... rna "'1' ........... 1«1 
wilb .ud> "d&rk pII' (Abdo et al. 201Oc; Aclulrtnann et aI.. 2(10). W. I>IKoe """",I meMuremeot. 
of attenuatioll or redd~ cl badluOUQd iJl.lll1I ha"'l alJo detec\.ed su eouc:entn.lions not \raced 
Y{(lll by Woo (Dobuhi at al. ~; Rowleolt FToebrich 2009; Dobuhl 2011; Ade et N. Will. 
We ma.loe a third templaUl, H2_templat.e-3. thaI can bring out the trll. gN dislributJo,:,....,.. 
a1.lld with tl>e Orioll clouds and enhance our Wldemandjog <:l the Woo·to-R2 ",I!t.tlon by ~rodllcln! 
thI!"dark 1M'. The new H3 templnl COIIIiat.I of H:z-templaf.c>. l, or Wco, and .. "dark gM" IIpIotial 
templ.ue with .. l\OmI.liu.joo f.ac&or lor eadl. 
Out 'oiNk ~ templ.t.t6 t.aa boca prod"""'" ~ tbe ~pdor. Pftll by CI"ftlier et .1. 
(2005) and ",!eried w as E(B - V) .... It iI a relidual lIIap obtained by Inbtuoaing lbe boJI.. 
iii lineu IXlInbination of N{H I) ond Woo from ,he E(B - V) mop of Schlegel et. 01. (1998) .. 
o:Ieecribetlln Ackermann et al. (2010). Fli. 2c ahow5 tM E(B - V)_ map oron"d our ROI. There 
is a prohlml ""ith the colO!" temperature OOi"UCt!OO of the mil{! by Schlegel at a1. (1998) &roUnd 
the OB 6III!OciItiooli it! \he Orion A IlIId B eIouda. &lid thlll E(B - Vl,.. value is ""&&tive In theM 
pointl. W •• n.Mbd out therle p\x<lla ill !.he E( 8 - V)_ ~ by fett lnK the <:Om'lIpondi..,. valUOl 
~-
Sq. ( I) ...... 1i5led afm oombillin& d>OI hi&!-' 10 """'»" bi.na into 3 hiGIlD 'J\ble 3. The dlnribulloo 
of 1b8 pmm .. ny coun\.Ii ~'Od with Er lCmpiat&-3, \he fUm ol!.be COJIIU ......".;.'«{ wilh Woo 
aIld 1M "<Wlr. 1tM~ , is p..etl in FlI. 3d. The con-eialioo betoo&ail \he flXtrloCtlJd pIIIma-ny oou_ 
aDd the PIOdeI ooo,nla imp«Mlll U IbowI! II:: .. ,. 4c, br~;be cotrcLa.t.kmcoeffic>enla toO.99, O.on, 
0.'17, &nd 0.!l8, £or Orion A RqIon I. ~0II11 , Orion B and the tum ol the 3 regiooI, r~ively. 
The Imp"""",.."t In the o::orteI~tion, or oquiVIII""~ly In t.he lp6tiaJ fit, rom .. from Inclusion of 
E(B - Vl_ "'hich has tbe i...-gelt COQlrlbution in lhe Oriou A RqIoII I """" in Ftg. 20. 
Tbe rclatj"" !jbl1hood, of ~ opaUaI6u with Eq. (I) In the 001 fI.rt oompalftl atnOIllthe 3 
H~-teo\platel in Fi«-:; for the 22 <!OeIV bi.na. The "dArk ~ ;empkw (H.· t<mpl&;e..3) sI- the 
bolt lit ill aimOIl all enerv 1,;"'1 and \.he ]..Xoo template (H. ·\empla;e..2) Ii- the IIO!<lOIId bett 
IIInlt. The Impr<:NemellU re\ati¥O to HTlempl&te-\ an) mlirti<:ally 'WUtlca.nl. 
Tho: mid.w. of too fit!! ",ith th" 3 loWlplatee lD m.. ROI _ Ii.-el! in Ft,:. 6. The r""\.II.IIgular 
boundarilll of the 3 Orion repo.uo ohowD In Ftp.3b,c,darerepliea'Od in tlulligu ..... The rtolidWlIl 
are aIcnlllaont within the Orion reJioot for Hr teJ.JIpillte-1 (Flj[;. 6ot.) but IlOl. for u.e mher 2 IeIlIpl&tlll 
(fiC. lih, 0), .. hlc:h is cona.tent "'ith tbe lmpro:wement ... "'''' in Fi&. '- The dllferenal iD !.be 
ralduall lor HTtf:mplale-2 aDd BTtemp!wt-3 in the Orion rcpoa. is IlOl. ril;nifiCllllt mad..., to 
u.. ,>",_ic UllO'.I1.I.inty di.,;o,. ill tboo ....n auhaection.. We fiDd !.hat Ihe IN-ce imjili~1 
HTtemP!&le-3 hall brou,gbt rcl&li ... to HT\ell!pI.o.te.2 iD FI«-:; __ primarily &om. ouuide oltU 
"3 0rIca rer;ton., especially III the Moooce;oa R2 ~ ... d in tbe northern ~ edjacent. to the 
Orion B: 1M lemp/llw adds "darlr. pi" in that part .. bereN the oO>er tem.plat.es only modify the 
3 Orion repoo.. 
'Tbe value of Xoo has been c.o!culaUxi by tbe H./H I llll!lhod by laI<luS the rat.io of 8 . to 
2A. for the pt.nlI IIIIIOCi&ta:l .. U.h Woo ill tbe H.-templatoo and li!<ted in 'l'l.b1e 2. In the pionlc 
DIOlIhod of evaluatinR Xco,~, u.. pioDlc mmpooe:n/. mutt be extrloCUod out of the gam.m ... ~ 
opectrum ....-I" .... with the H,-template .. will be described in Su'-ction 3.3. We will .u.a-
the .,..tematic...,... in .....!\IIIlin« Xco and poIIible interp,..,tatlonl of the resulu in Section 4. 
3 .3. A~ oC Spectra 
'!'he .poetra N/IO<iated .. ilb t he H I end Hl-tewplllt6-1 , .. lth too H I and H7-templ .. t.&-2, and 
with t.he HI and HT t.empbte-3 art! obtained by M"""'blinj! the 6.lled «l!Iulla for the relpectlve 
t.em.platell, A, and Bi , as aboovn in Flp. 7, 8, and 9, rellpecli>dy. Tb~ . peetra are litted lIS a l Ull! 
ol the pionlc and hmrustrahiull.K QQmpQIII!UU. TIle p.nu:nr.-TIIJ" epectra .lIOciored with the apeUel 
ta'llp\&tell (H I. III"""'" Compton, iP~ end WIll of Xco )< WC(I) are plntted for !.be 3 Orioo 
~ in Ftc. 10.. and b. we anaI)'lM ~ the ",mms raY" • ..00 ...... witb \he 3 H,-tempi&tea ill 
wit ..,beectIoD. 
The lpectra! lo>mplate of pioIIic pm"'. 'aY' baa bI!en C6lcu1ot..t by oonoolvlnc the prom .. 
n,y ine!"'!i..,, a= "'ction for p - p Inl.eromon pu~ by Kama.o et -.I. (2OOI'l) alId tho! CR 
pt«<:m lpect.rum predicted by OALPROP.I tM Orion douds." "The pr«on 8ux;" ~idod iD 
Ihe Orion claude (R .. 8.8 kpc. Z oo - 0.14 kp<:) to be - 8'i1. ...... Iler than mat., the IIOlar IJ"ItfDl 
(R ", 8.5 ko>c. Z _ 1).0 kpc) where the GALPROP proton Ipec:U"WIl baa beeD determllltd by tho! CR 
d.o.u. lPen It the Earth. The value lot lbe Orioo ckmde III ~t with , ,-" t:t.«nnintd UJin& 
t he g,mma ~ (rom the local H 1 (Abdo et 01. lOOk). Tba cood 6t to the d.o.u. IIOCtl FlglI. 7,8, 
and \I II\IpporU GALPROP'. pn!diclion of OR "*,,,"a!Ih_ in the Orion """'"' and the.,.,.."all 
n>O<IeIing <l Eq. (I). 
a"""""tr&blll"l __ ion induced by CR t lllt1roDs inwact.inS with ps iI calculo.tocl in GAL-
PROP Ulin& .--.n h ......... trahl"'" o;alculr.t ioruo (St,..,.. k MOIkalenko 1998; SlronS et ... 21XJ1), 
""" ~ thema}. "The eIoctron i.QjfIction apect.:rum in OW" GALPROP toaIculalion blod beeD 
adj,,"* 10 reproduce, approrim_ly, the power-b.w lnda: <l the electron ap«VWn meI\Ium by 
th, Fenni LAT (Abdo eI aI. 200ge). III addition, tho IIOtlnalizalioa <l tbe 1pe::UUm. is adjusted 10 
reproduoo the LAT obeoerwd pmm .. ray II ..... It aloo...,nerp;y band. ' 0 the spectrallill deocrlbod. 
below. we ~ the llec\ron-t<>-pt«<:m ratio • .,.. "'IwoalentJ.y the brerna1;rr.hlung.~plorI ratio, IixOO 
to lbe valli\! siWID in GALPROp. WbuI .... ",fer tot ... pmm ... ay emillllivily per atom III mnIeculc, 
we <10 _ ditr."..,ortiate tbe und..,lyiq p~, bill rather the oum <llbe b ... ", .. lrahlunc and 
pionic COGtrib utiOlll. 
The apectral lit <llbe H I """'poD",,1 illftIOIlable for all 3 H2 templates ~ .. 17.7, 9.9, and 
17.1 for loot .. 14 _peeti""'} ulh""", In Fi&s. 7a, Sa and h. Our p!onic II ........... i .. ed witb 
HI ia cocailtent with that oow-I in tbe F ...... 0100)' on tbe local intel1ltei1ar pi (Abdo III aI. 
:lOOIIc) ao <Mrl&id in Fig. Sa.. We _ however that tbete may be a "",aU offle\ bet-.. tbe two 
ao will be d~ laler. The.pech"a .-,dated with l>IOIecuIar cloudI are aIIo IItled ....u by 1M 
3 Hz· lelllpla~ ao lbowu below, 
The wut-lo-lVoo raW, Xoo, cara be obtained by canparlq tbe _limed p\onie pm_ray 
ewiasivlty per H atow with tho! obIi<$rved pmm ... ray cmilliYlt)' per lVoo ao Ihoom in Figs. Th, 
'"In GALDEI' M..TIX ... h7S. IN GIl. _ Bux _ ..-..IIIdoJty molUpIiod lot \.I~ to rep<od __ .,.".)" 
~ b)I F""';' 11>0 /ao:;I.ot '"lei ". r.- the.~ ol.."........" _iooIoity b 110 oad __ 
_ III ~ inloonMIlu _Ium (ISM) in GALPROP, 1_ ol .... the 1,15 __ , ___ bioW .... 
~ .". G .... " ~ (1m) b ....,u!butlooo _ GIl. Ho ud ___ 0IId tho ... ""1 ....... .". 
Mori (10)>) "'I><oo.olor _;. dI. !S M. H- IN 1otaI __ ,., __ loIt, po< \I _. I.TO"- ....... 
....... ...... b p _ p ~ aa!)r. Thot difWma, _ ,ho I<It4J pam .. ...,. emlooloity .. , ... _ Iitorouu. 10 
- ~"' • .-tIldo II ......" Ia\g _Dl III tho O)'f~'" -"""'Y. . 
8b-d and !lb. The funner it caIcul&Ied in \he unit of MeV - ,.-l ... - l , UId the I.Uter" _ .. red in 
1M unit of MeV-1,-' .. - '(2" l ()ilOo;m- 2(K km . - ' )- ' ) -'. Thill, Xoo/2 at the cloud, ill derivod 
by dividm, the le.lt$" by lhe former. 
The r.ul\.l of tM spectral lit £w the III component an! not .- !(> detern\lnf! X CII. III the 
piooic mMllod. Tboo fi\.l to the op«:t:-al (DlIpollell.,. .haoon in Fip. 7.., 800 and g. ate only to check 
""""rJI eonoiIlency Ilf OIU OlIIal)'ll"!l. 'n>eir oormo.ltutiool..., coneiWlnl withiD the unoeruoJllIy III. 
the H T cnlWIlII de""ity diKuMed In Sectiuu 4. 
The fitted Ip<Ictra an! ploo:tW M...".. of plouic owd brem"ln.hlu~ cmlationa in f"I&. 7.., b 
fur the H (opatio.l tcmplau and the H2-I8mPIl.;e.l COrioD A RcciotJ T, II , and Orion B <:Oil1bi..d) , 
pvi,,! ~/dol of 17.7/14 and 20.2114, rotpeeti¥tly. 
We JIve the Xoo value obtaiD.ed from the flttfd p;oruc .pectra in 'fibIe 2. SillCe the! fi t is 
out.tant\.o.lly poorer tb.oD tboee fur HI-tm1pa.t.2.."d 3 <_ Fig. 5), the value Iobou(d be takeD. jUft 
.. a ~ value. For IblI ,eMOII ~ do not quote .ysLcmat!c IIff'O<I in the table. 
The fitted.pIICUa an! plotted II JUt\lf Ilf pionic and bremsstrahlWl& ..m.~1lI m Fic. 8b, c, d 
fCl" Orion A ~ I, II and OriotJ. B, r;i.vinII '?/dof of 14.0/ 14, 1M/14, and 10.6/14, rospflCtiYl!ly. 
The Xoo vtJUM obt..Jnco:!. for the 4 reglonli'mm the fitted pi.oaic rp<rtre art! r;i.0U\ in 'table 2. 
The oooJIi~ Xoo \II IJIgD.i5cantIy hl&Wr for 0ri0D A ~OII I tban ~r Oilier ~ con-
.~t with U!e .lop'" ~ in SlIbeeclioo 3.2 in the p~by-pinl ~ioo ,Iudy. ThlJ ab!o 
C&Q be IICIeD in \he Xco ob\.aIned with the HJ/H I n>e$bod. 
We DOte that u.. frICtion of the H I cowponent In tbe gamma-rlY rpec:lrum ill.tesnted in t!wl 
3 Orion repxu ill oomparabla to that...ocll.ted with Woo (_ Fif!. lOa). Thill io hecalllC the.olid 
angle JUbtewled by tile Orilla rt\OIecuIar cloud. iI a . mall frac\1ou of Olll 3 Orion rqIons h' tolid 
an&Ie and the """"an "' .... of l!OInie SIll ill ""al«. 
The fi tted .peetr~ ~.ted over the Wco and "d .... k 1M" componenta au ohown in Fie. 9b, 
Co We Ii~ Xoo for the ROI from the lilted pionlc lpect.rmn in Table 2. 
"]'"he X CO obtalDed in fits wltb the Wco ""II. be OOIIIplLfod .... ilb 1m. obWnod In siwilar 
auJ)'I!<!I indudin&!he "dark,.... lempla"" 2.0" 1(iIO tiD the Ioc:al arm). 1.9 " 1030 (the Ptneuo 
arm) and 0.87" 1030 (!.he Gould Belt) in tl:.eaame W1it .. abcM! (Ac:kenn.ann« . 1. 2010; Abdo« a1. 
201&). 
The specuum ...-oclated ""lth th~ "dlllk ~as" component ill eimillll in.m.pe to tho-t auodAted 
.. itl! Wco but .hoUl hAlf u ;n~ (Fig. 10h). The 2 spect ral energy densitiee (SEDII) berome 
romparable in Orion A Region [ .. -., in Fill. 1&. Th .. "d ... k CU' dominal"" ow. Woo In the 
pixels """,!.he hillh. \obgitnde I!1Id or Odo:l. A and IM'Ot uall)' Wco dimlniobes in the pi>::e1e beyond 
u..m l.OIto .... da higher Jon&itlldc. 
Our Xco weNurIlnCIl1S F'"'" in Table 2 can be compe:od with tboee ~ UIiJI8 
the pm",. .. )' ll.ux from t be O.ioa· )twoce:t .. complex meuured will> EGRET: (I .U :i: 0.15) " 
10'0 em- 1(K tun .-1)-1 (Dice1 et &I. 1999). We oote l.ben! we:t"<I! 00 c.taaie CR propapt\(lll mod· 
eb such till GALPROP nor CR meM",""""",,""" prociM. ....... vail ...... _ : Xco ..... detcnnJned 
by the H~/III method and it COPIp ...... well with the.~ Xoo -...lUll aI. l.36:i:O.02 obta.i.!lIId w;th 
tM H2·template-l. 
3.4. Touol. m..- of Orion A and B 
n." disUnce from Ihe Sun to t./wj Orion nebula (M(2) ilWde Ihe Orion A baa .eotntly beea 
---.l. II,- p .... JIu to be 389!~ pc (Sandstrom et N. 200'7). 414:!: 7 pc (MenUlll et N. 200'7). 
437:i: 19 pc (Hirot.a ct al. 2(07). &nd 419 ± 6 pc (KIm« &I. 2008). We o.dopt.ed 400 pc .. tbe 
dlat.t.no::e to the Oriou A and B cloudI &nd usod the total plonlc pmm .... &)' ll.uue obtained .bove 
to FI lhe total m ....... of OrioD A &rid B outside" . 
M ..... ...t.imatioo udn, H2·t&nplaw..2: 
..... 
M" =' (74.5 ± \.3) " 1(J3 MWJ 
MB _ (:!.l.5 ±0.7) " 1(J3 M.oo 
(' ) 
and d 10 !.he dist.a:>oe to the doudI. We wiD diocuI;s the l)'lI.ematlc unoertaintinl in I.he IloC:rt _\100. 
MUll ertimatloo uaiDa: Hz· l8mplAtb-3: Addition of tboo "dark pi" cho.np the eortlmat.ioa d 
t.h$ Orioa A IUId B m_ b)' .bout 10'lI0. 
M".wuo .. (M.I:i: 0.8) " 103 M<I)() 
"Wo __ Uta< tIM: _,1aI _ 01 on.. II doli""" ..... II oIplfka.;.q. d __ lila!. _III W~ 011 01. 
(DlII) ___ ""obll",_ on.. H ~ u.. ..... pIa __ ~ ... bolili>d d .. Iotbo_ PSF 
oI '-LAT. 
MA.D.... - (27.6 ± 0.7) " 101 M.m 
Mu ""(36.'O±o.S) " ,oSM... 
n.. toW ..... at Orioo A (_ MA,wco +M .... non ) II (82.7± 1.1)" 101 M4IIO. 'I'hI! Orioa A mea 11M 
beeu IlIUn .. ted by WJ!aoo <!l al. (2005), .. ~mi", Xco ~ L8><IO'O CIlI - 2{K km ,-I)-I (Dame <!l al. 
2001 ), to be M ... "" 111.7" 101 M<f:!J . The ..... hu t-D l!Itimatod tep~ lor Orion A ~ 1, 
2.3, and KGC 2U9 In WilBco m al. ('lOO5). Out OriDD A (Repm I and 11) iDdoo.. tMir RqpoDs 
1,2, and 3 bu~~Lapo oo1y parti&lJy W'ith NGG :l1 411. Coaoi<lo!riDs lhe brMdt" at the P SF and lhe 
Limited ltatlltir::t of t he dat.., we could DOT. determi ... how m\ldl at NGG 2149 cmrLapol OUr OrioD 
Region I. If we......"., about one half of NGG :l1411 ill ill OIIr Orioa R.epon I and lhe sywtemBUe 
mot Inttod~eed by !hit ""'bl&uily II half at the NGC 2149 m&IIII eslimatm by WiIAoD et aI. (2ClOS), 
the Orioa A m.an to be compared bcc:omM MA - (8U :!: M ) >( 10' M.oa. The Orion B ~ ill 
mo~ mmplo: and It>cl> a OO<Qpforiton iI ~ dilllculi . 
4. DllOCUAion 
Allbaugh 1Iloo 0"0111 cloudo lie .... y rr.... the Galactle PINIe and ,ub_d rebt.tl~ly omalllDlld 
angl<!, mill\)' Calac:tic 0U>d e:map!a.etic """""" a>ntribute to the ROllhl'Oll&h the Jar", PSF at the 
Armi-LAT. 
We bve ana/y1oed Ibe obeervo!d dau. to enrac:t the iIlt.enllity ~at.ed W'ith the molecular 
cloodo, l be 3 Orioo rer;\n<IIln parlicular , by u&ing lbe 3 HI4cmpisteo madII from Woo "" the 3 
dllJercn .. umptionl for eacb of the 22 e..ergy bini. Tbe rallo of the 1>Ormaim.liwt factora b-
III and H2, /tj /'lBj , gi_ ,be conYeJaion factor of Woo to the WUf oolulWl dataI!y, Xoo (tbe 
H2/H ! IDe'lbod). For Ihis, tbe H ! m&eII column dO!l>llity muo! be well unde",t.ood from the r&dLative 
t.raMCer of the H 1 w... and the CR opo::t.rum m,," be OOIIIIlArlt in tho! RO!. 
hi the oecond metbod (the pionioe mnhocI), Xoo II determined by oompariug the obee .. ed 
pionk: pmma-ray lnWlnlitifs W'ith tb.-fIXP"C!Ald from tbe CR . poctrum at the Orion tloudl and lbe 
pionlc II~'~ product.ion crgu.l8Ction. For lhiI, we h ....... to krIow lhe .. "-o!UI4 CR 'pecuum 
and II"", the rn.trumeut , .. ...,... function (IRF). and the pionX: pmm .... ' ay prodlllOtlon e ..... 
~, In particular lbe plonlc IPmm .... r~ COIItributioo from meulI in CR and ISM. 
In the .ut-ctlono to fol.low , we en.1a"'" uncertaintillo and p<IOIOib~ lyu.cm.a.t!c ~fl'Or1;" the 
anAl~ .. pecially in en.1lWin& Xoo in the 3 Orton~. We then .1lIilIIIIlfiae ths -Wta 
obWned b:> tbis paper and praen! poaib1e Interplf!tallotul \hwx:IIl. 
4. 1. PossIble Systematic Errora In the Anal,.. 
S)'IWMlio: etTon that alfecI the correlation llleM~ between g""""'r~ inlenlitieo and 
Woo o.re ~ in twt> catcgorla thf fin!. ODe applies wmmonly to the 3 Orion ...pm. and 
tl>A"..,.,nd &If",cu the ~l.tioo differently In 1M 3 regionI. 
UlIOerIalnty in !.be Owrel ""d opect,a ol CRa, in particular lboole of proton" CIoD.!f1Itl in both 
cace,;ori .... TIM: GtJo.ctic CR pro&ool Ibat produee piooo in out 8llft"1IY flltlge ",mw in OUr GtJaxy 
kmger (_ 5 X 10' yn) Ilw! .leclroDl ( ..... 7 x 10' yn) (Lee ct tJ. 2011) aud their lIux Yf.riaI.ioD. .. i\hin 
the Galaxy II bellewd W be pn!d!cl.ed well by GALPROP. We now that the CR IOu"'" dinributlon, 
the GIIl""y liM, and the CR dlfl"UIioa a>efficienl .... the impO<tanl lnputl w GALPRQP. UIiDS 
the CR Iptdrum meaoun!d U lhe Earth, _ ha-e calculued tbe CR ~ptdrum in the Orion recioo 
for the 2 cboiceo ol the CR lOUr"" dinributlonl and the 3 dIOioeI of Ge.lactic halo bcipu (2, 4, 
and 10 lr.pc) .- In a GALPRQI'.h..oo Rudy by Loo et...J. (2011). The CR IIp<<trum d""" DOt 
<han&e more tban ..... 2% from the..Jue '-' bare u Ion,g all it it _Irained to the ....... um:n.nll 
U !.he Earth and '" reprodUOl! thl Galactic diffwle pmmt.-ray intenlitOe. meuured by !.be F.....,; 
LAT {_ Lee et aI. (20II}). \'h IlIao DOte thai. the pmm."y Ipeeuum &em the local H I (typkAl 
dill.,..,. < 1 kpc) It IXXllilterlt with the CR protOn flux beiD.s within _ l~ of that at the Ean.b 
(Abdo et aI. 200!k). 
CIU ooWd be aoo:Jerued in the cLoudi NJd/or P'eYeD-IM from ~,at;na: in\.o their corfJI by 
..,.bodded ~ie &e.kI. Wf.I!Mlt r.ou: that Wo.I1I "'" 00 I!.t<)ng _ -thermal X_ray IOU,..,. nor radio 
S~R found In \he cIauda (F~ et Ii. 2002, aud refetwcee therem). Tbereforo 00 appreelable 
CR IIOXJtlen.tlon illikeIJ" to he talcilll place In the Orinn doudI. The ""'" linear eo<re1.tioo betwuu 
Woo and pmm.-r~ \nt.eQslty -.. In all 3 OrIon rep:.ns (Fl •. 'aj ronlil"ml ~ tho CRI e/fecti-.e 
In prodll<illl pione (kineI;ie 8Mr&Y > I C.N) are pentlttAlinl -n inside the hI&het-density part.I 
01. t he cIoudI. 
Suo:! on tbeee obtervMlono _ ",""urn. Wt the CR Ow; in the Orion repon io 8'J11.1owcf t.hAn 
~ at the Earth with p<:III.ihle Iystematic error of :!::10'i\ due lJ\I.lItIy to disagreement amoDI recent 
CR _~menll at tbe FArth and eolar demodulation unoertaintieo. 
UooortrJmy !n the CR!lux at the Orion douda COIl\.rihuu. direo:l\y to the ayatematie emx In 
the pioftlc """hod bu~ iI>diroctly in \he H,(H I method. In the fonner, the abeoIut.e CR intensity 
is ... umed to he Iwown wbile lhe CR in_it,. III _"med to be O>e .."., in the IoeaI H I ~ 
""'" tbe molecular cloudllin O>e lalel". 
n... lI""","tainly in tboo al.olut.e cal.ibratilxl of the LAT flffeetl-.e &l"()a CUI &lao introdu,," error 
d. the tim kind. Thoc:fMcti"", &re8II ~re deli...:! t.-I on Moate Cwloatud;"" oltbe LAT. choclr.ed 
1Ipins~ beam *lI at accelerators (ADdo et &1. 2OO9a; Atwood et al. 20(9). Com"""",",,, between 
fi&M dau and ManU! Carle lItudiM boe been made to quantl(y the 1IJ1W:m_Ii(: uuoortalDty in 
the ~>e..,..,a (Abdoet aI. 2009b). ,u ptfIIIIffit, we ~!l_'" \hio 1,-.tenW.1c error to be 10'lli 0.1. 
100 MeV, 6" , I roo MeV and 2O'lIi M 20 CAV. 
The lyat.ema1ioceo_inthe_.-Iutee ..... gy..:aleb.aoJbeen8ltim .. 1oId ... +S/-I(1\11) ( Abdo et &I. 
200ge). W., Iut. .. Wiu.ed X oo aftA!r .rtiDcW!y IIhlftilll lbe mel"1D" ocaIe by +MIi and by -10'!li: the 
nu".her of p;onlc lIamma ....,.. cluo"ll"'" Je. \han +1/ - 8" lor all 3 0r\00I ~ with all 3 H2 
temp~. We Include tbit poIIIible e<l"O< due to the uncertainty in the .,netC" calibraUon .. hm 
_illl the """,aIlIYllte.ut.ie ertOr. 
The pjon1c method II affected dir«\ly by the 'lIIcert.liniy in t"- im\tUnletlt telpOIl8e fwodlon 
... blle Iha H2/H [ metbod it In.wnaIUYI! beca_ It affu<u.tbe dcnomlno.tor and numer_tUT similarly. 
tD oomoertlIlg the oo.e...d "21 em line emiulon in~ (Kalhflrla et a1. ~) to the HI 
allwnn deuity, T._ -.U>ed to bo 125 K. The range ofTI meuured in lbe local H I lilY van.. 
broadly between 90 K and 400 K (e.!:., Mohan et a1. 2004a,b, ud referenC81 them.n) .. hile we 
baY\! usumOO.likeIy .-..np £or OUt ROI to bo bettreeu 90 K and 2:iO K. 
WI! refitlo><! the Fermi do.t.a. In the ROI .. Ith t~ t .... "",-",me 'l\I values .,.[th Hrtempbte 
"2 and 3. We 1.11", c.aIcuWed Xoo by di~ B; by "2.4.,; in Eq. ( t), or by extr~ing the pina 
tOI1Iponent in the epee"$. 11>e devWiorts of Xoo &om th(lM ot>t.iDed ... ilb TI 01.125 K au taken 
Into IOCOOUnl In the l)'Steml.tic errors &i"'lll In -r.bif> 2. Tbtlloup l}-.tern_tle ertOr1 fur Xco on 
8<12.4.,; (Column 3) enter viii 2.4; ... hid> dependo "" the _'-:>lute calibntica of the H 1 PI dIOnoity 
Of Ts In the local H I. ThA pionic method .- the produ« 01. the CR inleDlily and PI' ... .., a..... 
eoctlon in platt of "2A, and is _ directly alIected by the ~ty In H I PI den&i.ty Of Ts of 
the loca1 H I, altbougb the I1t>OeI"IAintlm con ha .. _.,.,..u indiru;:t effect tbrouJh IlIA overall l l"'tial 
8tliJll. ~ effect Ia much Imaller &.ban the.,.,.,.....n ~tlc err« ud ne,Ugible We n<M tb&t 
\.I>etoe is lIOma d*,,"epancy ~wtoI)O. the pmm .... N\Y spect ... -..ociated .ntb H 1 in the ROI U>d lhe 
local H I (Abdo e~ aI. 2009\:.) .. _n ill F".g. 8. 
w., haW! not i!>eluded lhI S OOUI"OI!II _lapping: ";Ib the Oriou cIouda (Sec. 3.1.4) btau .. 
tbey ..... all daooified ... ~io.lIy confuIed w1th intenltellar diffuM _i8Sioo or perhapo .puriouo" 
(Abdo et. oJ. 2OIOb). To in .... tipte their poI>!ntial <XIntnbutioo we,-.,peate<! the analysis includinl 
t~ """""" ,.;th t he IlIlXl'!9 and IpeCtr& listed in \be First F ....... i LAT Cat&io&. The fit .. itb the 
pIook: metb.od gi .... the foIIo,.illl Xco in unit of cm- 2(K km .- L )-' , ( 2.29 * 0 .(11) x 11)20 ror Orion 
Region I ; (1.I6 * 0.(5) )( 11)20 b" On"" Rqpon II ; ond (t.24 :1:IUI4) ,(11)20 for Orion B. They L" 2')1" 
19'1Ii, and. "'" le.1.b ... tb<.e obtaiDfld wi\hout U- poiDt 1IOUf"" COndidou.. 10 !.be pr_' .udy, 
we 8IIIU1IIf! I~"'.nifacu aru:l ..&:I +fJ/- 2, +(J/ - 19, ... d +{)/ - 8\"1!i to the o-.e ... n oyIt..emt.tie 
error in the 3 reJio"'. 
Fe.- 11M H1 /H I rrletbod, the ullOlll"U.inty ita the H I rn .. dc:asi\y (_ 20%) dUll nw.tly to tbe 
uuce:w.Lnty In 11 domUI~ the IyRemIOtic errOr . Od ... _n.ribuUoni include the "",,Iawine "e" 
.oun:. h-Of - 2, +0/ - III, &Dd +0/- 8'il) &Del variation in tbe CR iMeIIsi'y within .. 1 kpc or 
bet.an H I and t"- moIecu ..... clooIdo {±5j1(,l, makiD, the ~aI ~t.ic erron fix tbe 3 Oriaa 
rq.ionI to +2Jj- 28, +~/- 44., &Del +2f>/- _ .. P"lD in Column 3 of'I'alM 2. 
For the ploole method, the oYelalll)'St.elnatie error i.n determinh" Xoo """""" from the un· 
cenaiDty 10 tho IRF inclndlns thu d"" 10 tbn mMgy calIbration ullOl!rtaillty (±IO%), unknoo<o 
contributiQIII of tile overlappi~ 80UKftI (+0/ - 2. +0/ - 19, &Od +fJ/-8%), uncertain\y in tho CR 
intensity (i:IO%), uncertalnty;n the pp pion production crota-lOCtion (±5%), and unc:ertaint.y to 
,be contribution from he&vlfz nuclei (±6%). We c::o<Uen"atively quote the line .... IIIllll of tlleu com. 
binaliona .. the po!II!ible 'r-~m&tle error !or the 3 Orion rec\onI, whlch are +30/- 32, +3()/- 49, 
and +'IJ/ - 38%, ... p...,., in Column 5 of 1\ble 2. 
'The IyI\elnalIc crron thai ct.o .£rea Xco diHcrently la the 3 Oriaa...pan. are varialoioo to 
the CR iDm>Ilty wlthia ... 1 kpe (=~%) and tbe uwerlAPPine""'...:oN. "Tho"..,..aIl etfOf oflblt kJDd 
It ~vely _imaI.ed to be d,.1iaear sum of the t-. +5/ - T, +5/- 24, &Dd +S/- IYlii. 
4.2. G&mma-ra,y intonsity a Dd E(J - H) 
The line-of·.,ght vii,...! attenuation, Av, aM often UIIed ... a gu· lDaIIII tracer in theory-baaed 
.odies of I.be CO fnoction In all molecub includinj] tarboa and hydrnpo (e.,;., Burgb lit aI. 2010; 
Wolfi .... I!I al. 2010; G~ lit al. 2010, and ~ t here .. ). 'Ib calihrate crudely our <!WI 001.. 
umn d"""';ty wltb Av used 10 ~ tbeory-bued ~, "'l b.a"' .... t..t the pmma-ray ~ 
00 tbe boriIoot..I ""01 of Fl«. 4 and £ (J - H) ita !.be 3 Orion repon. meuund by DobMhl (2011 ). 
We DOte tb.t I.bo &touUc and moIecu ..... compooen\li are ...... med w be oomained within. Ilxed 
Iqtb (e.,- ~).!oat!;!he 1ine-of..qM in the theory-baMd ......J.,... while !be comJ)OllO<ltl are 
meuum:I .. a:iumn denaitiN Inqrated <M!l nll~ Iet>(thI alan!! the fule.of-C&ln in ot.er...-
tiona. Moreover e(J - H) 111 kuown to tnooe the HJ BY but &leo pkl< np 101M H I gas throup dUll 
mixed wil.b it. HeOCG the en:u-calibration worD aI. bfon crudely and 001,. in the repona Df cloudl 
wbeN! t he H1 k>nBitudioal diltribution iII..."U oonfi.aed and tba HJ ""lume den.olty dominalOl oYel 
that of H I. D<mpi\.o! th.a! Ul!OIlrtaintje.'!, it is importaQt thai. our ""'""'U .... tnelIUI be comparod witb 
theory-based analyaot. 
We found good Iin_ rclatiolUl fQr ,,," pixeJ. with hI&h pmme-rly oouma (::0 300 per ~) 
in 0.11 3 0ri0d "'IIiQlUI and a>uld _ul&te II", pm"....,1y <D.lDl. ae 00 t"" boriwot.lll .".. of 
Fig. 4 to E{J - H) .... 1IlIlinI Av _ RV_~JH x E(J - H). The RY_BJH h .. hem deten:nined 
ot-nation.ib" aDd itl val""....,.. bet""" 7.S (DobMhi 2(11) to 10.9 (c.rdclli et &l. 1989). Tho! 
IJ.i«bcrt point In our COWlI ""'P ill - 700 per pin! in Orion A ~ II .. bm! Ih roncenttatioo 
ill JUabeat I.IId the corresponding val"" of Av ill _ 5 .. bea _~ ovoer 1 x I <ieg2 pix'" for &ll 
Ulurnod value of RV_8~H _ 7.8. So Av = 5 on ,be horiloDW axes 0( Fip. 5 and 6 in Glover t:t al. 
(2010) U)i1,*.,oodItrud.!y to -.. 700 oountl ~ pl>ld ... umi"ll H •• ...,II oonlincd ( .. ,., to - 20 pc) 
along the lit>&-of-.l&ht. 
4.3. Summary of the R. .. ,lUlt.II 
The...wtl obt&!ned iD the pruIIetIt...".k . .. . i&nilkl.llt be,ond ,1>0 ,*tiillllt«l.,..temo.Ut m-on. 
They ton: 
I. LIne&tlty boJdI; beI,,,oeen """'" denfit)" a.>cieted 'O'\,h ,be anon cJaudo and Wen: '" d*"-l 
ill Sl1beection 3.11.11d .oo..n In Fie. 4, our ",111tl """"'" that C&t peDetr8U to all uan.l\lCelU. 
pACt. of tho doudl. PoeoIbio lhi~lding of ClU diocu8IH!d ill Ah.vonlan (2001 ) doa! not apply 
to """, p&lt.I of the 0.\00 douda. 
2. The Xoo faewn e&lcul.o.ied with roe pion!<: met.bod and with the Hl/H [ meU>od di&r by 
_ 15'!1i but esroe within the IIlUtna1e<i system.lit;: em:>< ("Table 2). The dilfureooe CM be 
e:rpialDed by un<:e<U.intiel. in th8 column dent!t;" of H I and ealculatioo 01 pmma-ray ___ 
sivity per Ii [etom. 
3. The Xoo factor nbWDed witb tbe H"temp!&l.e.2 .. found to be Ie.rstt by ... <&0 - 60% in 
Orlan A ilf«ioo I th.an Orion A Resioo II and anon B for the t1ru IDO!tbodl. The ~enoe 
iI much I&rgCI" than tOO systematic ...... that CUI .!ltd t he Xoo !&etor difl"crentl,y in the 3 
Orion ~ (1'able 2). 
4. In tbe "d..-k 1M" 1ICCDILrio, the added "dark ~ atOOWltl lor the mfljori\y of the g .. not 
tro.o;ed by Wco. 0 .... Xoo factor can thom deec:ribe the Wco-traoed 1i2 diatrlbut>on In t~ 
ROJ. 
4.'1.. inl.erprm.alioD of Our r .... ult.. on Xco 
Hiot.oric&lly the relation between N (H2) to Woo 10M been (XIOlIidered to depend on tho eavi-
romncnt around tbos molecular cloud. The cn"limnmenul '-ttarl d~ in the liten"ure are: 
Metellicit)'l Thil potAibility hM been d~ In the literlltut1!~ the l.o.\C 1980'1 ( .... , E~ 
1~9; BoI&tto et aI. 1m). Ac<mdl:lH to ... I1Dlpiricallormuia pr"P'*)d to relate Xoo to 
[O/H] (Willoo 1m; Atimoto ct &I. 1996), the metoJlidty moat be .. 2 Ii"". higher in Orion 
A ~ I to account lor the obeerwd diffe ... """ iu Xco betwet'tl I\ef!Iou III.ll.d n, ~hicb .. 
unUJo.ly _dinjr; to G&lld;i~ meMurcmcnto (e.!. E,u.cinn« aI. 2(05). We note that. 
met&!lld\)' u. pner&lIy OOIIBide...:l to he an impoHanl. eDYiroa!llel>tai f..:tOr inllueocinl! tM 
H,..to-H 1 ratio. 
OvcrIaW\na: H I dum",,: Coo>paet H ! douds wi;/> ~I .. ~ 01. I - 2dec heve beeo 
£ound u. variouII Gal&c\le locat.ioDII (e.!. BnultI" Strom 1986; K ....... ct &I. 2003; 1.. et al. 
2(08). A ...... ~iI of tIM: I..AB H I""""Y abawo 00 oocI> ooocalt"tlm deteaed .. , die 
~tlvity Ie.....! 01 'M P"""" Rudy ........ I.opping ~it.h the Orioo A &od B (Kalberla et al. 
2(10). 
Low deDllty Ht not trKed well by Woo: Exiotmal of diHuae Hz SM IlOl. lra.oed wen by Woo 
h ... been d!acuaeoed 10 the lite"'!,,", cited in ~ I and Ftmli anaJ:r- are b~ the 
discUHion to .. quantltat!yo IoveI (AckllnnAnn et al. 2(10). We rew to the foIl.owin& rtICeIt 
works 00 the H, &tid CO fractlonA and Coty to interptCt our rIlIulto: 
• BUrgh et aI. (2010) he"" ,(udied the fractio"" b......d on Hubbl£ SJI«C TeluOO)ll' olwlr_ 
t~ ""d eh.v&Cterizeod dm Xoo depMdency on N(H.). 
• \\bllite et aI . (2010) h.yo ftudl8d chemiea.l compoo.!ilon of • model cloud lheoretl.coJly 
.00 fouad thai. CO heoomeI depleted becaUJe or ~ioo in the perlpbtry 
where the pi deur!ty decreu::oI. 
• GJoovet ct aI. (2010) .... "" studied tile ti.......dcpmdcat H, .00 CO fractlool In ckIudo 
throop. e<mput.- &imulwloDl md found Xco in~ ab..-ply .. ben! N{H2) decr!I_ 
br Av < 3.6. 
AU or tbe.bo:we ltudies p~ie1. that. the CO/{total C) tr.ction dropI AI the H2 column de!:Wty 
dect! _, N toward tbe pe:riphe07 d. Orion A md B. ~ the Wco-to-Hz rel&tioa md 
the abund.u>oe d. Il ,..without.-CO pi m.,. ~ more oompliuled. Fbr e:u.mple, Ikod. et al. 
(2W2) £ound WI N(C I)/N(CO) m.:r- to hi'" Yaiuee alo:Iq all of the poripbo!riel .. benru 
"'" find R".;ioD 1 01 Orion A 10 be....,..., abund""t io CO-depleted pi thao R.op:.o II. The 
prediction that Xoo ~ abarply In regions Av < 3.6 by Glowr et aI. (2(10) Is oocaiaU!Dt 
with ""r fiDding that tile "dark pt" Is oonceo.t.tat.ed In the hlgh-louglt\!de end of Orion A 
wbcro Wco beo:oJnoot low. 
&. CondWlion 
Wo hI."" ...-ported 011 the ft"l 2 L IDOIltha' obl!erY\ltiono 01 Oriaa A MId B with dl/l Fermi 
Gam ............ ~ SJI«C ~I~ in the_,1Y hAD<! between - 178 MeV ""d _ 100 GeV. W. he"" ~ 
8\lred the mass coIUlPO deMity dirtrlbuUon wllhin tbe cIoods .t the angu!&c -.;ale 01. the IDitrument 
PSF usiq thepp ..... "1 prodadloo crwHeCIIoIl &<:a1f&teIy calibrated.t .....Jer.IQQ .. weU II uaill& 
the pmma.ray ftmiIIjvity of tbe local HIps. We bund with tbe pIonic method tbat • liDe&r rel .. 
Uxt boIcII bet"""" ra .... density and Woo with Xco " 2.34, 1.43, 1.35 >< Icf'O crn- 3(K km ,-I)-I 
with a~ic unoe:rtaintyd. +~/-7, H/- 2A, and +~/- 13"{reI&ti~ in tbe3~), aud 
+3IJ/ - 32, +:»/- .(9, &lid +3IJ/- 38" (abeolute) lor 0 ..... A ftePoa I, R.epon lI, and Oriou e , 
~y. 'I'baIe val"", "'" cooaiote:al wilb the Xoo val"", det.onnined Wilh the more t .. dit\ooal 
H,/H I melhod (Xoo = 1.97, 1.20, 1.14 ><10» em-3{K Ian ._1)_1) within our oYeroli II)'I\eIII.WI: 
error. Thil impllel that G&l&ctie CIt. "'" ~rllti", into mOllt J>IUU of the douds. The &IIalyaoi 
al90 included t he "datk «u" (Grenier lit al. 2(05) uot "'!ICed by CO or Ii I. We found that the 
pmma-ray flux U«Jciat«! with the "dark ps. spatia.! tempLste e:<~ that -.elated with IbII 
Woo ~te In Orion A Region!. The .huaticm III ~!JlId In RecIoo H and In Orion B. ThlI ill 
generally contlt~ wilb the lit !iodinjI; , tqber Xco val"" for Orloo Jtecb! I iIIlhe _beeooI d. 
the darlr.-&M temp'-te. 
We h.a~ illWpretOO I.M ino:< r I!l in Xoo Md -dark ps" fractioIl hi Orloa A Ito,p;\oa I In tbe 
Ilt:ht of reOIIIll I t udite ollbe reLatioa be.awc \.he 82 and CO fr.o:Uonl by Sur«b et al. (2(10). 
Wollin! et aI. (2010); Glo-.-er et al. (2010). Xoo iI e><peo::ted to in~ rtlpldly ... the ps column 
density dec",*- to Av _ 3.6 or ka (Glover et al. 2(10). The mall coIuDU! den&ity we h~~ 
rnee.surod io Region I COrteopon<l.s to Av < 4, claM to the prodiCUld tbrflllbold fur onset of the non-
lli>e&rity predicted ~ Woo and N (H3)' The ........ column deIuIlty drop! further (Av < 2) 
toward the hisb Galac:tIc \oo&itude end of the Orion A w~ the «M becooneo "dark" to Wco, 
~ with the predlctbd DOD-IiI1eo.r matlon. 
The Fermi·LAT coIIa.boutioa ill coat.i.DuiDs to rf!duoe 1JDOiI!I1.&IlIty ID the fRF, identify e><tmded 
pmma.ray 1C>IlltD, aod Impl'OYe tbe modeIi", at the Galactic-«:ale dlB" .... I&rnm&-ray emigjon, 
We expect the IIy'rtem&Uc unoe:ruimia Qooted in rub6ectinn 4,1 t.o be toduoed o\&cifieantly throu&!> 
these cllorta, The l)"I't-\Iwetk uncertainty ill tb8 CR lpectra and the H I !l\UII density a190 will be 
reduced when the data. from Dew exp<:rimtDta end .u~ beoom~ .. vaI'-ble. Tbe ~t'~ 
can tbeD be updated to, higher preci8lon t.nd the reletioo """'1lII Wco and 1M '"'" m,.. deusity 
~ further kw ..ariaua m<>lecula: tlo\IdI ill the Galaxy, 
The Fmni LAT CoIlaboratioo atkoowled,. r;enerous ougoinp; IUPpOrt. frnm a IlUIDt- of 
agencies and \MtitutM th&t h oe supported both the developmeut end lhe Qperatlon of the LAT .. 
willIS . dentific data &l'lalylil. These indudo t be National AeronautiC!! and Space AdminW;ration 
and lhe Depuimenl of EMr'JY in the Unit«! Statel, the Commi8n.ri.at ~ l'Euercie Atomique and 
the Ceutn Nat>ooal de '- Recberdlc SdeutiBque II".tilut National de Phymque Nu.cI6a.ire lOt de 
Phyaique doe P&rtlcul. hi F'raooe., the ApoII.I SPNiale It.ol..i.t.na aud the lttiluto N'"lonllo d i Fioica 
Xucle&re in Italy, the Mini&trr of EdIXalioo, CUl\.un!, SporU, Sd_ Md Tod",...,..,- (MEXT), 
Hi&h Encro AooaIeretor R-m OrganizaQoa (KEK) U>d Japan oWOIIptoCe ExpIoretioo Agwcy 
(1AXA) In Jap&ll . and the K . A. Wallcnberl; Foundation, the S....ru,b a-clI Council &lid tbe 
SwadiAh National Space BoArd in Sweden, 
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FlI- 2.- (a) N(H I) t.emplate l ummed <WI!!" tbe line-ci-fight "'lIocity. The pixel sl:oe is 0.5' x O.S·_ 
The duhed lin .. show the bcundary at the ROI. (b) Wco telOplRI~ UJed in H,.t.emplate- l &lid 
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tcmplalo! \lItId ill H:rlrunplAte-3. Pixel rwolutm is 0.5° x 0.5". 
,., 
I 
FIg. 3.- (a) GlIIllmA-nlY rount diltrlbu\ioa In the ROI.fter l ubtroct.iD.II the fitted "b~' 
that ill the lurn of 1M HI, IC, poin\-lOIUl'e, and iIotropk: COIIlponOlDIi. (b) 'The 6.(100 model 
JD&p obtained by .... umlDg ODII mmm<>n Xoo for the Rot (H2-tcmplat.o-l ). DaAbuI liner! d<l6rle 
:be bouudariel d. the 3 Orioo> ~, Onoo A Re&ion t , Rep:m II ...d Orkm B. (el &me ... 
(b) but obt.alned by _uming .( diffinu.1 Xco fur Orion A ~ I. Re&lon II, Orio:m 8, -.nd 
~lMwhml (H,-temp!o,IO-2). (d) Sallie III (bl but. obt&ined by..!ding E(B - V),. 10 111-t.emplat&-1 
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Fig. 7.- S,*"aI energy detWtioN (SED) MIOcio.led .. it!> Ioca1 H I (TI _ 12.5 K..umed) (Il) IDd 
thai. a680C~ with Hrtl:wpl.o.lo&-l (b). The IiMI ...,. toW (8OIid) , b'tmN~ra.h1unc (dotted) awl 
pic:o:> decay (duhed). The CR epeetnl . hap<) t.od ~to-prOtOn rWo '" the Orioo cloudJ weN! 
&x.!d to w-- UIICd by CALPROP. n.. Wlrtieal axes are """,,alLoOO to the column deMit)' of H I in 
,,"h of 1=- 1 for ( A) awl to :2 X Xoo in WIll of 10:111 CIII- 1(K km , - I )-1 ro.. (b). Th8 8IIO!I'gy blno 
bet...wJ No. lJ and No.22 are combi!led to 1I'ider MUO bl"... Vertieal but repreMnt .taliltical 
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Fl" 8.- Spectnl enerl)' densiloy (SED) ~ wim Ioal H [(T, '" l25 K _um<ld.) (al, Orion 
A ~ I (b), Repx> II (e), and 0ri0II B (d) foJ tbe fit with H~· tempLo.t&-2. The <Xlm!lpOadinl 
SEDoh"inw! fDT tbe local H I (Abdo et.J. 20090:) is shown by ..... y 8<lu.an.1n (a). TheUiumpticm 
&boot the CR. the line 1ep!s!d.I, and the ~ ui.s uniU are the I&lM M In ~ 7. 
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Fi«. 9.- SED 1IIOCia\ed with local H I (Ta _ l~ K assumed) (I ), that M80clated witb Woo 
(b) , aZId IhlU .lIOcilted with £(8 - V)_ (el obtained wit h H.·tem~ ".. line IegeodI ... d 
~ ulI units au I'" _ as in Fi,. 7. 





_ 1.::~ "1;.. -- ~ :;. .... - .a::r..,....,.8= --1 "'+ . -~- t+ - f-. 
• 
• 
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FlK. 10-- C"""""'''Y "pec:tn _tl.!tJIy IMX:iMcd wltb two Hz tempio.U!O in 11>0 3 Orion ..... 
P:&I"W in I'!a;. 31>: (a) the aUlD of u... 3 retPons obt.m.l .-itb H2-totmpiaI&-2; (b) !.be.uro of the 3 
rer;ioom Mlb H:a-templat&-3; (e) Orion A R.et;ioD I obtamed w!lb Hz-tempLat..-3. BlBCk ci:claI sbow 
tb .. Ieotropic OOlDponent., m:I "'Iu.atfIf H I, geen up.-ard. ~ CO, and purple dMhed Uoo tbe 
inVCtM Comp!.Ol>. Blue ~ tri.ful&lea ill (b) &lid (e) ......." tilt "Pf'C"In. aMOcl.ted ""tb 
E(B - V)_. 

